The method considered in the present paper concerns the operational efficiency of the inductor electric machine, which can be improved by placing on the stator and rotor teeth the combs combined from differently shaped teeth and slots. The use on the inductor electric machine stator and rotor teeth of combs as a combination of differently shaped hills (teeth) and valleys (slots) allows raising the specific power of the machine. This effect is determined by the chosen type of a comb element as well as by technological possibilities of the manufacturer. The proposed method could be used moderately in the inductor machines with longitudinally-transversal combing.
INTRODUCTION
In the inductor electric machine (IEM), the magnetic flow produced by the excitation system (i.e., by a winding or a permanent magnet) is branched into the flows over the stator teeth. When the tooth-like rotor runs, these flows change depending on the relative position of the stator and rotor teeth. When a rotor tooth is located against a stator tooth, the permeance of the air gap between the teeth as well as the tooth flow, and , respectively, are maximal. Change in the flow from to (the flow pulsation) causes the corresponding changes in the magneticflux linkage of the armature winding and EMF inducing there.
The IEM operational efficiency is determined by the difference (or, respectively, ); therefore, the measures taken for increasing and decreasing favour the improvement of its technical indices.
One of the measures directed towards the improvement of IEM operation is the use of stator and rotor teeth with specific combs, the nature and effectiveness of which are considered below.
THE SHAPES OF COMBS OF STATOR AND ROTOR TEETH
The comb of a stator (rotor) tooth is a combination of hills (teeth) and valleys (slots) of definite shape (Fig. 1) .
The shape (profile) of the hills-teeth and valleys-slots in a comb might be rectangular (Fig. 1a) , triangular (Fig. 1b) , etc.
The air gap between the stator and rotor teeth can be presented: a. for combs according to Fig. 1a -a combination of flat air gaps arranged at an angle and in parallel to the longitudinal axis of the machine; b. for combs according to Fig. 1b -a combination of flat air gaps arranged at an angle to the longitudinal axis of the machine; The comb-wise zone of the machine can be presented as individual elements shown in Fig. 1 for the corresponding profiles of the teeth and slots of the stator and rotor tooth combs. Combined arrangement of these elements on the stator and rotor tooth surface along the axial length of these teeth sets up their comb-wise zone.
The geometrical characteristics of the comb elements are as follows:
• is the width of the root of a rotor (stator) tooth; • is the width of the base of a rotor (stator) slot; • is the height of the root of a rotor (stator) tooth; • is the height of a rotor (stator) slot; • is the axial length of a comb element according to Fig. 1a , b, respectively, which is also the length of the element air gap without a comb;
• is the length of the comb element air gap according to Fig. 1 , a, b, respectively;
• are the coefficients of air gap extension; • is the rated air gap of the machine. Within the framework of the research, geometrical parameters of the tooth zone were set as applied to a low-speed IEM: the diameter of stator bore 
mm.
Taking into account recommendations [1] - [3] , the following geometrical parameters of the tooth zone of such a machine were chosen:
• the rated air gap 5 400
• the width of stator (rotor) teeth b zs = b zr =20 mm;
• the height of the rotor tooth ; • the height of the stator tooth mm. The listed parameters are shown in Fig. 1 [4] - [6] . The geometrical parameters of the comb elements of the types under consideration are given in Table 1 . 
THEORETICAL FOUNDATIONS
The permeance of a flat air gap ("protrusion" is not taken into account) is calculated as that between parallel rectangular surfaces facing one another ( Fig. 2 ) according to the formula [4] - [6] : (1) where are the air gap area, width, length, and height (thickness), respectively; H/m is the magnetic constant.
In the analysis of permeance variation for a tooth zone of the IEM with a rectangular flat air gap and with a comb (i.e., with a curvilinear air gap) the a and b values are invariable (while different for different types of comb). Therefore, the product can be taken as a conditional unit; then the permeance expressed in conditional permeance units (CPU) will be inversely proportional to the air gap value, i.e., (2) We assume that the base CPU is the permeance corresponding to the calculated data of a tooth zone without a comb ( ).
To compare the combs as to their permeance values, these are to be reduced to the base permeance, dividing the real permeance ( (2)) by the base one ( ).
The magnetic flux across the air layer expressed in conditional units for magnetic flux (CUMF) will be defined as (3) where F is the MMF of excitation.
It is necessary to express the Λ and Φ values in conditional units for comparative estimation of the effectiveness of using differently shaped tooth combs.
The permeance of the ring-wise air gap ( 
INFLUENCE OF COMB ON THE MAXIMUM PERMEANCE OF THE AIR GAP UNDER A STATOR TOOTH
At the position of rotor tooth 1 against stator tooth 2 (at and being equal, Fig. 4 ), the permeance of the air gap between them is maximal ) ( max Λ , and the corresponding magnetic flux -flow per unit is also maximal ) ( max Φ . Such being the case, the magnetic flow through the tooth zone can be presented as separate flows through characteristic sections of the air gap:
• flow z Φ in the path "stator tooth -rated air gap -rotor tooth";
• flow p Φ in the path "stator slot -rotor slot" (leakage flux). In compliance with the assumed designations for tooth zone parameters, expressions (1) and (4) are transformed, respectively, to the following ones:
Using teeth with differently shaped combs, the picture of flows passing through teeth and slots ( and , respectively, Fig. 4 ) remains basically invariable, while their number will change. The relevant numerical values are given in Table 2 .
As the first theoretical estimate for the extent of increase in the maximum permeance of the tooth zone with combs (and in the maximum flux, accordingly) we could take the air gap extension coefficient (Table 1 ). All the more so because such an estimate seems to be valid since this increase occurs owing to that in the air gap length, whereas the calculated values of the efficiency coefficients and given in Table 2 coincide with the corresponding values of coefficients . However, using one or another shape of comb some peculiarities arise, which resist the theoretical analysis. Since the comb zone sections are arranged at an angle to the rectangular air gap of a comb-free machine, taking also into account the saturation of stator and rotor cores, the effectiveness of air gap extension decreases.
Therefore, in a comb zone with rectangular teeth and slots the magnetic flows through the side walls (taking into account the saturation of stator and rotor cores) are much weaker than the flows through the bases of teeth and slots of the comb. Assuming these flows to be approximately of the flows through bases a forecasted efficiency coefficient can be set for the extent of max Λ and max Φ increasing:
The values of this coefficient are given in Table 2 . Using for the tooth and slot walls the steel sheets of for values see Table 2 .
The slot permeances and the corresponding flows through the slots (see Table  2 ) do not practically affect the max Λ and max Φ values. Note: B A, are the numerical values of physical quantities. The maximum permeance of the air gap of stator core without a comb
COMB INFLUENCE ON THE MINIMUM PERMEANCE OF THE AIR GAP UNDER A STATOR TOOTH
At arrangement of rotor tooth 1 between stator teeth 2 (i.e., against a stator slot, see Fig. 5 ), the permeance of the air gap between stator and rotor is minimal ) ( min Λ ; correspondingly, the magnetic flux is also minimal ) ( min Φ . The latter can be presented as flows/fluxes through characteristic sections of the air gap:
• the flow over the central part of a stator tooth ) ( czs Φ passing through the section of the air gap, with maximum of (δ is the nominal/ rated gap; is the height of the rotor tooth); • the flow over the side parts of stator and rotor teeth passing through the air gap sections with the nominal/rated gap δ ;
• the flow over the central part of a rotor tooth ) ( czs Φ passing through stator slot 3 and the air gap section with gap δ , i.e., through the summary air gap ( is the height of the stator tooth), being therefore a leakage flux. The minimal flow of stator tooth can be presented in the form:
When we use in the machine the stator and rotor teeth with a longitudinal comb, the picture of flow passage corresponding to min Φ would not basically change (Fig. 6) . However, the number of flows according to (6) will change, which is connected with changes in the geometrical sizes of some sections on the way of flow passage, and, accordingly, in their permeance (with stator teeth and rotor teeth being invariable).
Two basic variants arise as to the arrangement of stator and rotor teeth with combs:
• at the arrangement of a comb in stator slot 3` of comb slot 4`, which applies to the cross-section passing through the axes of comb slots and teeth (see Fig. 6 , a); • at the arrangement in stator slot 3` of comb tooth 5` (Fig. 6b) .
In the process of calculation of permeances and flows taking into account the air gap values on the ways of passage of central czs Φ and lateral stator tooth flows, it is assumed that the stator tooth width for passage of these flows ( czs Φ and ) is and , respectively. This is reflected in the calculation formulas shown in Table 3 along with the calculation results.
Related permeances (we will call them "slot-slot" type) and second ones ("slot-tooth" type) are shown in Fig. 6a and b respectively, where those are arranged at the core half-length each, taking into account the air gap extension. The summarised influence of combs favours the increase in permeance and flow pulsations and, consequently, the increase in induced EMF and power of the machine as well as in the specific power, since the effect of increase in the weight of stator and rotor cores due to the use of combs is significantly weaker as compared with that of increased power.
Тhe theoretical value of permeance pulsation coefficient for all considered types of comb in reality coincides with that for air gap extension coefficient l K (Table 1) . This allows for the choice of forecasted coefficients of comb efficiency
( Table 3 ) that would be equal to the corresponding comb efficiency coefficients Table 2 ) as related to the maximal flow. To verify the statements mentioned above, the mathematical modelling has been performed for the elements of comb-wise tooth zones, which confirms, in principle, that it is possible to employ the effect of combs but with slightly smaller (by ) values of real efficiency coefficients
given in Table 3 .
It is quite natural that the designer should employ the effect from the use of combs taking into account the production expenses.
Table 3

Formula of Modelling
From the results it follows that even though the use of combs increases to an extent min Λ and min Φ , the influence of this increase is weaker than that in a comb-free tooth zone (see m K coefficient value).
CONCLUSIONS
The use on the IEM stator and rotor teeth of combs as a combination of differently shaped hills (teeth) and valleys (slots) allows raising the specific power of the machine. This effect is determined by the chosen type of a comb element as well as by technological possibilities of the manufacturer.
At the same time, it is necessary to take into account that the use of longitudinally-transversal combing can lead to a forced decrease in the MMF excitation (to avoid possible saturation of steel), which would reduce the effect of power increase -or even exclude it.
All this should be taken into account and used moderately in the inductor machines with longitudinally-transversal combing.
